Restoration Probability Modeling for Active Restoration-Based Optical Networks with Correlation Among Backup Routes by Azim, Mohamed Mostafa A. et al.
Restoration Probability Modeling for
Active Restoration-Based Optical Networks
with Correlation among Backup Routes
Mohamed Mostafa A. Azim, Xiaohong Jiang, Pin-Han Ho,
Susumu Horiguchi, and Minyi Guo, Member, IEEE
Abstract—Active restoration (AR) is a novel lightpath restoration scheme proposed recently to guarantee a certain degree of
survivability in wavelength-division multiplexing (WDM) optical networks with a reasonable trade-off between capacity requirement and
restoration time. In this paper, we conduct a comprehensive performance analysis for AR-based optical networks. In particular, we
propose a novel analytical framework for modeling the restoration probability of a connection (the probability that the connection can be
successfully restored in case of a failure) when the possible correlation among its multiple backup routes is incorporated. Although
theoretically, we need to consider all the possible correlations between as many as N2
 
pairs of backup routes to analyze the
restoration probability in a network with N nodes, and this high computation complexity may obscure the practicality of an approach,
considering all the possible correlations among backup routes, our analysis in this paper indicates that by considering at most the
possible correlations among any three successive backup routes of a connection, we can achieve a very good approximation to the
simulated restoration probability of the connection, as verified by extensive simulation results upon two typical network topologies
under various workloads. We find that the proposed framework can deeply investigate into the inherent relationship among restoration
probability, wavelength channel utilization ratio, number of wavelengths per fiber, routes hop length, and wavelength conversion
capability. As a result, the framework significantly contributes to the related areas by providing network designers with a quantitative
tool to evaluate the restoration probability and, thus, the survivability of AR-based optical networks.
Index Terms—Network survivability, restoration probability, active restoration, optical networks, path correlation.
Ç
1 INTRODUCTION
OPTICAL networks based on Wavelength Division Multi-plexing (WDM) are promising for serving as the
backbone networks of the next-generation Internet due to
their potential ability to meet the ever-increasing demands
of high bandwidth. The adoption of WDM technology
allows hundreds of independent lightpaths multiplexed
along a single fiber, which is equivalently an order of terabit
per second of effective bandwidth. As WDM networks
carry a huge amount of traffic, failure of any part in such
networks and the resulting inability to move data around
quickly may have tremendous economic impacts on both
data and revenue. For this reason, survivability in high-
bandwidth WDM networks has become an important
research area in recent years.
The approaches to ensuring survivability can be gen-
erally classified as proactive protection and reactive re-
storation. With the former, a backup lightpath is computed
for the primary lightpath at the arrival of a connection
request, and the switching capacity of each node and the
bandwidth of each link along the backup lightpath are
reserved during normal operation. The backup path is
chosen in such a way that it does not belong to the same
Shared Risk Link Groups (SRLGs) [1] as the primary path.
This way, both the primary and the backup lightpaths will
not have the same risk to fail at the same time, as they are
SRLG disjoint. If both primary and backup lightpaths can be
found for the corresponding demand, then the demand is
accepted. Proactive protection for WDM networks has been
subject to extensive research activities [9], [10], [11], [12].
Much of this research work focus on shared mesh
protection, which promises significant bandwidth savings.
However, most shared mesh protection schemes cannot
guarantee that failed traffic will be restored within the 50-
ms time frame that Synchronous Optical Network (Sonet)
standards specify. Therefore, several techniques have been
proposed to provide fast recovery in mesh networks. For
example, Ou et al. [13] propose using the subpath
protection for survivable lightpath provisioning and fast
protection switching in optical WDM mesh networks. The
main ideas of this protection strategy are to partition a large
optical network into smaller domains and to apply shared-
path protection to the optical network while guaranteeing
the autonomy of each domain. For shared mesh protection,
Grover and Stamatelakis introduce the concept of preconfi-
gured protection cycles (p-cycles) [2], [3], [4] that utilizes the
benefits of the speed recovery of ring networks and the
efficiency of mesh protection in resource saving. Chou et al.
[5] propose a more general protection strategy using the
precross-connected trails, which is a structure that is more
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flexible than rings and that adapts readily to both path-
based and link-based schemes and to both static and
dynamic traffic. Similarly, several protection techniques
have been proposed for providing fast recovery in Multi-
protocol Label Switched networks. These techniques rely on
failure notifications, pre-establishment, or on-demand
establishment of backup paths and switching traffic to the
backup paths when a failure notification is received [6], [7].
Although a 100 percent restoration for any single failure
can be guaranteed, the proactive protection usually results
in a high resource redundancy [8] and poor network
throughput because the dedicated resources for the protec-
tion purpose sit idle even in the absence of failure. With the
reactive restoration, on the other hand, a backup lightpath is
searched after the primary lightpath is interrupted, which
may sacrifice the 100 percent restoration guarantee for all
the failed connections. Therefore, Mohan et al. [14] propose
an efficient heuristic to estimate the average number of
connections per link that do not have backup lightpaths
readily available upon a link failure.
Numerous studies [15], [16] have been reported for the
reactive restoration scheme. Although efficient in terms of
higher capacity utilization and lower blocking probability,
reactive restoration may lead to an unacceptable long
restoration time due to its global searching for a backup
lightpath after a failure happens. To compromise the
proactive protection and reactive restoration, the study in
[17] proposed a new active restoration scheme, in which a
primary lightpath is guarded by multiple backup routes
that are predefined but not reserved along the primary
path. It is notable that the AR scheme actually works within
the SRLG framework in the sense that the multiple backup
routes of a connection are also chosen in such a way that
they do not belong to the same SRLG as the primary path of
the connection. The results in [17] indicate that the
AR scheme can reduce blocking probability and capacity
requirement significantly while guaranteeing a very high
restoration probability (that is, the probability that a
connection can be successfully restored in case of a failure).
A similar technique [19] has been proposed recently under
the protection context. However, in this technique, the
backup paths are computed from every intermediate node
to the destination.
Many analyticalmodels have been proposed formodeling
the blocking probability inWDMnetworks such as [20], [21],
[22], [23], [24], [25], but little has been reported for modeling
the restoration probability. A simple analytical model was
proposed in [18] to estimate the restoration probability for an
AR-based WDM network under the assumption that all the
backup paths of a connection are independent. In a real AR-
based WDM network, however, the backup paths of a
connection are likely correlated, since they may share some
commonlinksalongtheir routes,as illustrated inFig.1.For the
network shown in Fig. 1, consider that the primary path (P)
between v1 and v3 is ðv1  v2  v3Þ. Based on the idea of AR
[17], its successivebackuproutes (B1andB2)are ðv1  v4  v2Þ
and ðv1  v4  v5  v3Þ, respectively. In this case, although the
primary path (P) is link disjoint with the two backup routes
(B1 and B2), it is clear that these backup routes are correlated
due to sharing a common link (the link between v1 and v4).
Therefore, for a connection in AR-based networks with
correlation among its backup routes, the model proposed
in [18] may result in a significant error in estimating the
restoration probability of the connection. However, to
consider all the possible correlations among the backup
routes of a connection in a network with N nodes, the
worst-case computation complexity can be as high as
O

N
2
  N. This high computation complexity, in practice,
is quite cumbersome and may obscure the practicality of
an approach, considering all the possible correlations
among backup routes.
As the first step toward theaccurate restorationprobability
analysis for AR-based networks, we propose in this paper an
analytical framework tomodel the restorationprobability of a
connection in AR-based networks, with the consideration of
possible correlation among backup routes of the connection.
The main contributions of our work are the following:
. We first develop an analytical model for evaluating
the restoration probability of a connection when all
the possible correlations between any two successive
backup routes of the connection are fully incorpo-
rated, for both the cases with full wavelength
conversion1 and without wavelength conversion.
. We then extend the above model to consider all the
possible correlations among any three successive
backup routes of a connection.
. We conduct extensive simulations to validate our
proposed models, and we find that although we do
not consider all the possible correlations among all
backup routes in our analysis, our two models
(especially the second one) can always guarantee a
very close approximation to the simulated restora-
tion probability for different network architectures
and network workloads.
. We apply our new models to investigate into the
inherent relationship among restoration probability,
wavelength channel utilization ratio, number of
wavelengths per fiber, routes hop length, and
wavelength conversion capability.
The rest of this paper is organized as follows: Section 2
presents the preliminaries of this paper. Section 3 introduces
briefly the available model for restoration probability.
Section 4 provides our new restoration probability model
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Fig. 1. Illustration of the case where two backup routes are correlated.
1. Full wavelength conversion in this paper means that each network
node has the full wavelength conversion capability.
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when the correlation between any two successive backup
routes is considered, and Section 5 introduces our main
model for restoration probability, where all the possible
correlations among any three successive backup routes is
fully incorporated. Section 6 discusses the results of experi-
mental evaluation on different networks to validate the
analytical model and, finally, Section 7 concludes the paper.
2 PRELIMINARIES
In this section, we first present the basic assumptions to be
adopted in our models. We then introduce briefly the AR
scheme and the general framework for restoration prob-
ability analysis of AR-based networks.
2.1 Assumptions
A typical frameworkwas developed by Birman [20] tomodel
the blocking probability ofWDMnetworkswith andwithout
wavelength conversion, where Lee’s standard link indepen-
dent assumption [26] and the wavelength channels indepen-
dent assumption of a link were adopted for a steady-state
network. These assumptions can be relevant if the networks
are densely meshed (that is, the nodal degree is greater than
5),which is the caseenvisioned for thenext-generationoptical
Internet. In this paper, we extend Birman’s framework for
blocking probability analysis to model the restoration
probability for AR-based optical networks [17], where the
scenario of a single lightpath failure in a certain link is
concerned. For the correlation among the backup routes of a
connection in AR-based networks, we consider three
assumptions and develop their corresponding models:
. Assumption 1: no correlation between any pair of
backup routes.
. Assumption 2: correlation may only exist between
any two successive backup routes.
. Assumption 3: correlation may only exist among any
three successive backup routes.
Hereafter, we use model 1, model 2, and model 3 to refer to
the models developed based on the above three assump-
tions, respectively.
2.2 Active Restoration Scheme (AR)
In the AR scheme [17], a primary lightpath is guarded by
multiple backup routes that are predefined but not reserved
along the primary path, as illustrated in Fig. 1 and Section 1.
Upon a failure along the primary path, the node immediate
downstream to the failure probes the availability of the
predefined backup routes supported by each downstream
nodeof the failure, and the first available backup routewill be
taken to restore the affected traffic. Under the single lightpath
failure scenario in a certain link, the failure may randomly
attack one of the links taken by the affected primary path.
Therefore, the failure probability P ðfkÞ for the link k is given
by the following for a failed N-hop primary path:
P ðfkÞ ¼ 1=N; k ¼ 1; 2; . . . ; N: ð1Þ
Let P ðrÞ denote the restoration probability (or the
probability that a connection can be successfully restored
in case of a failure). We have
P ðrÞ ¼
XN
k¼1
P ðfkÞ  P ðrjfkÞ; ð2Þ
where P ðrjfkÞ is the restoration probability, given the event
that a failure has occurred at the kth link of the primary
path. Formula (2) indicates that we need to calculate the
probability P ðrjfkÞ to get the restoration probability. To
calculate P ðrjfkÞ, we need to further specify the restoration
process and wavelength conversion capability in a network.
In this paper, we consider the WDM networks both with
full wavelength conversion and without wavelength con-
version and focus on the node-oriented restoration (NOR)
process proposed in [18]. Given the events that a failure has
occurred at the kth link of anN-hop primary path, and there
are wk wavelengths that are free on all the downstream
hops of the kth link, the NOR scheme first tries to restore
the affected traffic through the immediate node after the
failure location based on these wk wavelengths. If the
connection of the primary path can be restored through this
node based on any of these wk wavelengths, then the
restoration process is finished. Otherwise, the NOR scheme
tries to restore the affected connection through the follow-
ing nodes along the primary path still based on these
wk free wavelengths. This process continues until we find a
node through which the traffic can be restored or where the
restoration process fails (that is, the affected connection
cannot be restored through any of these downstream nodes
of the kth link along the primary path).
Under the NOR process, we use P ðwkÞ to denote the
probability that there are wk wavelength planes (including
the reservedone), among the totalwavelengthplanes, that are
free on all downstream hops of the failed kth link of the
N-hop primary path, and we use the notation P ðrjfk; wkÞ to
denote theprobabilityP ðrjfkÞwhen thesewkwavelengths are
considered in the NOR process. Let r denote the probability
that awavelength is used on a hop,!denote the total number
of wavelength planes per fiber, andHi denote the hop count
of a backup route initiated from the node i along a primary
path. Then, the probability P ðrjfkÞ can be evaluated as
P ðrjfkÞ ¼
P!
wk¼1 P ðwkÞ  P ðrjfk; wkÞP!
wk¼1 P ðwkÞ
ð3Þ
in which
P ðrjfk; wkÞ ¼ 0 if wk ¼ 0
and
P ðwkÞ ¼ ! 1
wk  1
 
 Pwk1k  ð1 PkÞ!wk : ð4Þ
Here, Pk is the probability that a wavelength is free on all
downstream hops after the failed kth link of the
N-hop primary path, and it is given by
Pk ¼ ð1 ÞNk:
For simplicity, hereafter, we use ri to denote the event
that the backup route ri is not available for restoration and
simply use ri to denote the event that the backup route ri is
available for restoration. Note that a failed connection (at
failure location k) in AR-based networks can be restored
through its ith backup path ði  kÞ if and only if this backup
path is free, and all the preceding backup paths k; . . . ; i 1
are not free. Then, we can easily see that, in general, the
probability P ðrjfk; wkÞ can be calculated as
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P ðrjfk; wkÞ ¼P ðrkÞ þ P ðrkþ1; rkÞ þ    þ P ðrN; rN1; . . . ; rkÞ
¼P ðrkÞ þ
XN
i¼kþ1
P ðri; ri1; . . . ; rkÞ:
ð5Þ
Hereafter, we will develop analytical models for evalu-
ating P ðrjfk; wkÞ for networks with and without wavelength
conversion under Assumption 1 (model 1), Assumption 2
(model 2), and Assumption 3 (model 3), respectively.
3 MODEL 1
To understand the restoration behavior of AR-based net-
works, a model was proposed in [18] to estimate the
restoration probability of a connection request, given the
event that the primary path of request is interrupted, where
the possible correlation among the backup routes of the
connection were ignored. For the calculation of P ðrjfk; wkÞ
under assumption 1, we have the following theorem [18].
Theorem 1. For an N-hop primary path, the probability
P ðrjfk; wkÞ is given by the following when Assumption 1 is
adopted:
P ðrjfk; wkÞ ¼
P ðrkÞ þ
PN
i¼kþ1 P ðriÞ 
Qi1
j¼k P ðrjÞ 1  k  N  1
P ðrNÞ k ¼ N:
(
ð6Þ
Note that P ðrjÞ ¼ 1 P ðrjÞ, so (6) indicates that we only
need to determine the probability P ðrhÞ for k  h  N to
calculate P ðrjfk; wkÞ when assumption 1 is adopted.
The calculation of P ðrhÞ depends on the wavelength
conversion capability, as summarized in the following
lemma [18].
Lemma 1. For an N-hop primary path with wk free wavelengths
(including the reserved wavelength of the failed primary path)
along all downstream hops of the kth link, the probability
P ðrhÞ, k  h  N , is given by the following:
P ðrhÞ ¼
ð1 !ÞHh with full wavelength conversion
1 1 1 ÞHh wk without wavelength conversion:
8<
:
ð7Þ
4 MODEL 2
In this section, we propose a new model for estimating the
restoration probability when Assumption 2 is adopted (that
is, we only consider all the possible correlations between
any two successive backup routes of a connection).
4.1 Overall Model
For the evaluation of P ðrjfk; wkÞ under assumption 2, we
have the following theorem.
Theorem 2. For an N-hop primary path, the probability
P ðrjfk; wkÞ can be evaluated by the following when Assump-
tion 2 is adopted:
P ðrjfk; wkÞ ¼
P ðrkÞ þ P ðrkþ1Þ  P ðrkjrkþ1ÞþPN
i¼kþ2

P ðriÞ  P ðri1jriÞ
Qi1j¼kþ1 P ðrj1jrjÞ

1  k  N  2
P ðrN1Þ þ P ðrNÞ  P ðrN1jrNÞ k ¼ N  1
P ðrNÞ k ¼ N;
8>>>>>><
>>>>>>:
ð8Þ
where
P ðrijrjÞ ¼ 1 P ðrijrjÞ;
P ðrijrjÞ ¼ 1
P ðriÞ 

1 P ðrjjriÞ

1 P ðrjÞ :
ð9Þ
Proof. Note that
P ðri; ri1; . . . ; rkÞ ¼P ðriÞ  P ðri1; . . . ; rkjriÞ
¼P ðriÞ  P ðri1jriÞ  P ðri2; . . . ; rkjri; ri1Þ
¼P ðriÞ  P ðri1jriÞ  P ðri2jri; ri1Þ
 P ðri3; . . . ; rkjri; ri1; ri2Þ:
ð10Þ
By applying the above formula recursively and
considering only the correlation between any two
successive backup paths (Assumption 2), we can get (8)
immediately based on (5).
Since
P ðrijrjÞ ¼ 1 P ðrijrjÞ; P ðrijrjÞ ¼ 1 P ðrijrjÞ:
Thus, we have
P ðrijrjÞ ¼ 1 P ðri; rjÞ=P ðrjÞ ¼ 1
P ðriÞ 

1 P ðrjjriÞ

1 P ðrjÞ :
ut
Since the probability P ðrlÞ for 1  l  N can be evaluated
by using (7), (8), and (9) indicates that we only need
determine the probability P ðrijrjÞ to calculate P ðrjfk; wkÞ,
when Assumption 2 is adopted. Note that the correlation
between routes i and j is determined by the overlapped
hops between them (hereafter, we use Hi;j to denote the
number of overlapped hops between routes i and j), so for
networks with full wavelength conversion, the P ðrijrjÞ can
be simply calculated by using the following:
P ðrijrjÞ ¼ ð1 !ÞHiHi;j : ð12Þ
For the networks without wavelength conversion (that is,
with wavelength continuity constraint), however, the
calculation of P ðrijrjÞ is a little complex, as discussed in
the following section.
4.1.1 Calculation of Probability P ðrijrjÞ under the
Wavelength Continuity Constraint
To calculate the probability P ðrijrjÞ under the wavelength
continuity constraint (that is, a lightpath must take the same
wavelength along its route), we first express it as
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P ðrijrjÞ ¼
Xwk
w¼1
P r
ðwÞ
j jrj
	 

 P rijrðwÞj ; rj
	 

¼ P rðwÞj jrj
	 

 P rijrðwÞj
	 

: ð13Þ
Here, r
ðwÞ
j denotes the event that w wavelengths among the
wk freewavelengthsalong theprimarypatharealso freealong
the backup route rj, and the probability P ðrðwÞj Þ is given by
P r
ðwÞ
j
	 

¼ wk
w
	 



ð1 ÞHj
w


1 ð1 ÞHj
wkw
: ð14Þ
Since we always have w  1, the probability P ðrðwÞj jrjÞ
can be evaluated as
P r
ðwÞ
j jrj
	 

¼ P rðwÞj
	 

 P rjjrðwÞj
	 
.
P ðrjÞ; ð15Þ
where the probabilities P ðrjÞ and P ðrðwÞj Þ are given by (7)
and (14), respectively.
The problem that remains unsolved is the calculation of
probability P ðrjjrðwÞj Þ in (13). To calculate this probability,
we need to further express it as
P rijrðwÞj
	 

¼
Xwk
m¼w
P A
ðmÞ
i;j jrðwÞj
	 

 P rijrðwÞj ; AðmÞi;j
	 

¼
Xwk
m¼w
P A
ðmÞ
i;j jrðwÞj
	 

 P rijAðmÞi;j
	 

:
ð16Þ
Here, A
ðmÞ
i;j denotes the event that m wavelength channels
are free on the overlapped hops between the backup routes
i and j. Note that given the event A
ðmÞ
i;j , the probability that
the backup route i is available for restoration is just the
probability that at least one of these m wavelengths is free
in the remaining Hi Hi;j hops of the route. Thus, the
probability P ðrijAðmÞi;j Þ is given by
P ðrijAðmÞi;j Þ ¼ 1

1 ð1 ÞHiHi;j
m
: ð17Þ
Finally, the probability P ðAðmÞi;j jrðwÞj Þ in (16) can be
evaluated as
P A
ðmÞ
i;j jrðwÞj
	 

¼ P AðmÞi;j
	 

 P rðwÞj jAðmÞi;j
	 
.
P r
ðwÞ
j
	 

; ð18Þ
where P ðrðwÞj Þ is given by (14), and probabilities P ðAðmÞi;j Þ
and P ðrðwÞj jAðmÞi;j Þ are given by the following, respectively:
P A
ðmÞ
i;j
	 

¼ wk
m
	 



ð1 ÞHi;j
m


1 ð1 ÞHi;j
wkm
ð19Þ
P r
ðwÞ
j jAðmÞi;j
	 

¼ m
w
	 



ð1 ÞHjHi;j
w


1 ð1 ÞHjHi;j
mw
:
ð20Þ
5 MODEL 3
In this section, we propose a more advanced model for
estimating the restoration probability basedonAssumption 3
(that is, we consider all the possible correlations among any
three successive backup routes of a connection).
5.1 Overall Model
To evaluate the probability P ðrjfk; wkÞ when Assumption 3
is considered, we need to establish the following theorem.
Theorem 3. For an N-hop primary path in a network, the
probability P ðrjfk; wkÞ can be evaluated by the following when
Assumption 3 is adopted:
P ðrjfk; wkÞ ¼
P ðrkÞ þ P ðrkþ1Þ  P ðrkjrkþ1Þ þ P ðrkþ2Þ
P ðrkþ1jrkþ2Þ  P ðrkjrkþ1; rkþ2ÞþPN
i¼kþ3

P ðriÞ  P ðri1jriÞ  P ðri2jri1; riÞ
Qi1j¼kþ2 P ðrj2jrj1; rjÞ

; 1  k  N  3
P ðrN2Þ þ P ðrN1Þ  P ðrN2jrN1Þþ
P ðrNÞ  P ðrN1jrNÞ  P ðrN2jrN1; rNÞ; k ¼ N  2
P ðrN1Þ þ P ðrNÞ  P ðrN1jrNÞ; k ¼ N  1
P ðrNÞ; k ¼ N;
8>>>>>>>>><
>>>>>>>>>:
ð21Þ
where
P ðrhjri; rjÞ ¼ 1 P ðrhÞ  P ðrijrhÞ  P ðrjjri; rhÞ
P ðriÞ  P ðrjjriÞ ;
P ðrjjri; rhÞ ¼ 1
P ðrjjrhÞ 

1 P ðrijrj; rhÞ


1 P ðrijrhÞ
 : ð22Þ
Proof.We can prove this theorem in a similar way as that of
Theorem 2 based on (5) and Assumption 3, which
considers all the possible correlations between any three
successive backup paths of a connection. tu
Since the terms P ðriÞ, P ðriÞ, P ðrijrjÞ, P ðrijrjÞ, and
P ðrijrjÞ can be evaluated by their corresponding formulas
provided in models 1 and 2, (22) indicates that we only need
to determine the probability P ðrijrj; rhÞ for the evaluation of
restoration probability when assumption 3 is adopted.
Note that the correlation between route i and routes j
and h is determined by Hi;j, Hi;h, and Hi;j;h (the number of
overlapped hops among routes i, j, and h), so for networks
with full wavelength conversion, the probability P ðrijrj; rhÞ
can be simply calculated by using the following:
P ðrijrj; rhÞ ¼ ð1 !ÞHiHi;jHi;hþHi;j;h : ð23Þ
For the networks without wavelength conversion, how-
ever, the calculation of P ðrijrj; rhÞ is more complex. To
calculate the probability P ðrijrj; rhÞ under the wavelength
continuity constraint, we first express it as
P ðrijrj; rhÞ ¼
Xwk
¼1
Xwk
¼1
P r
ðÞ
j ; r
ðÞ
h
rj; rh	 

 P ri
rðÞj ; rðÞh ; rj; rh	 

¼
Xwk
¼1
Xwk
¼1
P r
ðÞ
j ; r
ðÞ
h
rj; rh	 
  P rirðÞj ; rðÞh	 
:
ð24Þ
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Equation (24) indicates that we need to evaluate the
probabilities P ðrðÞj ; rðÞh jrj; rhÞ and P ðrijrðÞj ; rðÞh Þ to get the
probability P ðrijrj; rhÞ. The evaluation of these two prob-
abilities (especially the probability P ðrijrðÞj ; rðÞh Þ) involves a
complicated process, as discussed in the Sections 5.2 and 5.3.
5.2 Calculation of P r
ðÞ
j ; r
ðÞ
h
rj; rh	 
 under the
Wavelength Continuity Constraint
We can easily see that the probability P ðrðÞj ; rðÞh jrj; rhÞ can
be calculated as
P r
ðÞ
j ; r
ðÞ
h
rj; rh	 
 ¼ P r
ðÞ
j ; r
ðÞ
h
	 

 P rj; rhjrðÞj ; rðÞh
	 

P ðrj; rhÞ : ð25Þ
Since 1  , and   wk (please refer to (24)), we
always have P ðrj; rhjrðÞj ; rðÞh Þ ¼ 1. Thus, the probability
P ðrðÞj ; rðÞh jrj; rhÞ is given by
P ðrðÞj ; rðÞh jrj; rhÞ ¼
P ðrðÞj Þ  P ðrðÞh jrðÞj Þ
P ðrjÞ  P ðrhjrjÞ ð26Þ
in which the probabilities P ðrjÞ, P ðrhjrjÞ, and P ðrðÞj Þ can be
evaluated by using (7), (13), and (14), respectively. To
calculate the probability P ðrðÞh jrðÞj Þ in (26), we need the
following:
P r
ðÞ
h
rðÞj	 
 ¼ Xwk
‘¼maxð;Þ
P A
ð‘Þ
j;h
rðÞj	 
  P rðÞh Að‘Þj;h; rðÞj	 

¼
Xwk
‘¼maxð;Þ
P A
ð‘Þ
j;h
rðÞj	 
  P rðÞh Að‘Þj;h	 
:
ð27Þ
Here, the probabilities P ðAð‘Þj;hjrðÞj Þ and P ðrðÞh jAð‘Þj;hÞ can be
evaluated by using (18) and (20), respectively.
5.3 Calculation of P ri
rðÞj ; rðÞh	 
 under the
Wavelength Continuity Constraint
To calculate the probability P ðrijrðÞj ; rðÞh Þ in (24), we need to
further express it as
P ri
rðÞj ; rðÞh	 
 ¼ Xwk
m¼
Xwk
m¼
P A
ðmÞ
i;j ; A
ðmÞ
i;h
rðÞj ; rðÞh	 

 P ri
rðÞj ; rðÞh ; AðmÞi;j ; AðmÞi;h	 

¼
Xwk
m¼
Xwk
m¼
P A
ðmÞ
i;j ; A
ðmÞ
i;h
rðÞj ; rðÞh	 

 P ri
AðmÞi;j ; AðmÞi;h	 
:
ð28Þ
Since both the evaluation of P ðrijAðmÞi;j ; AðmÞi;h Þ and of
P ðAðmÞi;j ; AðmÞi;h jrðÞj ; rðÞh Þ in (28) are quite complex, we
present the evaluation of each of them separately hereafter.
5.3.1 Calculation of P ri
AðmÞi;j ; AðmÞi;h	 

To calculate P ðrijAðmÞi;j ; AðmÞi;h Þ in (28) under the wavelength
continuity constraint, we need to further define the event
A
ðxÞ
i;j;h, which indicates that x wavelengths are free on the
common overlapped hops among backup routes i, j, and h.
Then, we have
P ri
AðmÞi;j ; AðmÞi;h	 
 ¼ Xwk
x¼maxðm;mÞ
P A
ðxÞ
i;j;h
AðmÞi;j ; AðmÞi;h	 

 P ri
AðxÞi;j;h; AðmÞi;j ; AðmÞi;h	 
:
ð29Þ
The term P ðAðxÞi;j;hjAðmÞi;j ; AðmÞi;h Þ in (29) is given by
P A
ðxÞ
i;j;h
AðmÞi;j ; AðmÞi;h	 
 ¼
P A
ðxÞ
i;j;h
	 

 P AðmÞi;j
AðxÞi;j;h	 
  P AðmÞi;h AðxÞi;j;h	 

P A
ðmÞ
i;j
	 

 P AðmÞi;h
AðmÞi;j	 
 ;
ð30Þ
where P ðAðmÞi;j Þ is given by (19), and P ðAðxÞi;j;hÞ is given by
P A
ðxÞ
i;j;h
	 

¼ wk
x
	 



ð1 ÞHi;j;h
x


1 ð1 ÞHi;j;h
wkx
:
ð31Þ
Based on the similar idea of (20), we can see that
P ðAðmÞi;h jAðxÞi;j;hÞ is given by
P A
ðmÞ
i;h
AðxÞi;j;h	 
 ¼ xm
 


ð1 ÞHi;hHi;j;h
m


1 ð1 ÞHi;hHi;j;h
xm
:
ð32Þ
The term P ðAðmÞi;j jAðxÞi;j;hÞ in (30) can also be evaluated in a
similar way to that in (32). To calculate the probability
P ðAðmÞi;h jAðmÞi;j Þ in (30), we need the following:
P A
ðmÞ
i;h
Ami;j	 
¼ Xwk
e¼maxðm;mÞ
P A
ðeÞ
i;j;h
AðmÞi;j	 
  P AðmÞi;h AðeÞi;j;h	 

ð33Þ
in which P ðAðmÞi;h jAðeÞi;j;hÞ can be evaluated by using (32), and
P ðAðeÞi;j;hjAðmÞi;j Þ is given by
P A
ðeÞ
i;j;h
AðmÞi;j	 
 ¼ P AðeÞi;j;h	 
  P AðmÞi;j AðeÞi;j;h	 
.P AðmÞi;j	 
:
ð34Þ
Here, the terms P ðAðeÞi;j;hÞ, P ðAðmÞi;j jAðeÞi;j;hÞ, and P ðAðmÞi;j Þ can
be evaluated by using (31), (32), and (19), respectively.
The problem that remains unsolved is the calculation of
probability P ðrijAðxÞi;j;h; AðmÞi;j ; AðmÞi;h Þ in (29). Here, we follow
the technique proposed by Subramaniam et al. [27] to
calculate this probability. First, we need to define the event
A
ðyÞ
ði;jÞ[ði;hÞ, which indicates that y common wavelengths are
free on both the overlapped hops between routes i and j
and the overlapped hops between routes i and h. Then, we
have
P ri
AðxÞi;j;h; AðmÞi;j ; AðmÞi;h	 
 ¼
Xminðm;mÞ
y¼maxð0;mþmxÞ
P A
ðyÞ
ði;jÞ[ði;hÞ
AðxÞi;j;h; AðmÞi;j ; AðmÞi;h	 

 P ri
AðyÞði;jÞ[ði;hÞ	 
;
ð35Þ
where the probability P ðrijAðyÞði;jÞ[ði;hÞÞ is given by
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P ri
AðyÞði;jÞ[ði;hÞ	 
 ¼ 1

1 ð1 ÞHiHi:jHi;hþHi;j;h
y
: ð36Þ
For the evaluation of P ðAðyÞði;jÞ[ði;hÞjAðxÞi;j;h; AðmÞi;j ; A
ðmÞ
i;h Þ in
(35), we have the following lemma.
Lemma 2. Given the eventsA
ðxÞ
i;j;h,A
ðmÞ
i;j , andA
ðmÞ
i;h , the probability
P ðAðyÞði;jÞ[ði;hÞjAðxÞi;j;h; AðmÞi;j ; A
ðmÞ
i;h Þ is given by the following
under the wavelength continuity constraint:
P A
ðyÞ
ði;jÞ[ði;hÞ
AðxÞi;j;h; AðmÞi;j ; AðmÞi;h	 
 ¼
m
y
	 

 xmmy
	 

x
m
	 

¼
m
y
	 

 xmmy
	 

x
m
	 
 :
ð37Þ
Proof. Given the events A
ðxÞ
i;j;h, A
ðmÞ
i;j , and A
ðmÞ
i;h and the
assumptions of link independence andwavelength planes
independence, them free wavelengths ofAi;j and them
free wavelengths of Ai;h randomly fall within the x free
wavelength planes ofAi;j;h. Thus, we have a total of
x
m
	 


x
m
	 

ways to select the wavelength planes for both them
wavelength of Ai;j and them wavelength of Ai;h, among
which a total of y overlapped planes (common free
wavelength planes between Ai;j and Ai;h) can be con-
structed as follows (please refer to Fig. 2).
First, we have xm
	 

ways to select m wavelength
planes out of the total x planes corresponding to the Ai;j,
along with my
	 

ways to select a total of y overlapped
wavelength planes that are free in both Ai;j and Ai;h.
Then, we have xmmy
	 

choices to select m  y wave-
length planes only free in Ai;h. Therefore, given the
events A
ðxÞ
i;j;h, A
ðmÞ
i;j , and A
ðmÞ
i;h , the probability that there
are y common free wavelength planes between Ai;j and
Ai;h is given by
x
m
	 

 my
	 

 xmmy
	 

x
m
	 

 xm
	 
 ¼ my
	 

 xmmy
	 

x
m
	 
 :
Similarly, we can also prove that this probability is
also given by
m
y
	 

 xmmy
	 

x
m
	 
 :
ut
5.3.2 Calculation of P A
ðmÞ
i;j ; A
ðmÞ
i;h
rðÞj ; rðÞh	 

First, we express the probability P ðAðmÞi;j ; AðmÞi;h jrðÞj ; rðÞh Þ in
(28) as
P A
ðmÞ
i;j ; A
ðmÞ
i;h
rðÞj ; rðÞh	 
 ¼
P A
ðmÞ
i;j
	 

 P AðmÞi;h
AðmÞi;j	 
  P rðÞj ; rðÞh jAðmÞi;j ; AðmÞi;h	 

P r
ðÞ
j
	 

 P rðÞh
rðÞj	 
 ;
ð38Þ
where the terms P ðAðmÞi;j Þ, P ðAðmÞi;h jAðmÞi;j Þ, P ðrðÞj Þ, and
P ðrðÞh jrðÞj Þ can be evaluated by using (19), (33), (14), and
(27), respectively.
To evaluate the probability P ðrðÞj ; rðÞh jAðmÞi;j ; AðmÞi;h Þ in
(38), we need further to express it as
P r
ðÞ
j ; r
ðÞ
h
AðmÞi;j ; AðmÞi;h	 
 ¼ P rðÞj AðmÞi;j ; AðmÞi;h	 

 P rðÞh
rðÞj ; AðmÞi;j ; AðmÞi;h	 

¼ P rðÞj
AðmÞi;j	 

 P rðÞh
rðÞj ; AðmÞi;h	 
;
ð39Þ
where P ðrðÞj jAðmÞi;j Þ is given by (20), and P ðrðÞh jrðÞj ; AðmÞi;h Þ is
evaluated as
P r
ðÞ
h
rðÞj ; AðmÞi;h	 
 ¼ Xwk
m¼maxð;Þ
P A
ðmÞ
j;h
rðÞj ; AðmÞi;h	 

 P rðÞh
AðmÞj;h ; AðmÞi;h	 
:
ð40Þ
The probability P ðAðmÞj;h jrðÞj ; AðmÞi;h Þ in (40) is determined
as
P A
ðmÞ
j;h
rðÞj ; AðmÞi;h	 
 ¼ P A
ðmÞ
j;h ; A
ðmÞ
i;h
	 

 P rðÞj
AðmÞj;h ; AðmÞi;h	 

P r
ðÞ
j ; A
ðmÞ
i;h
	 

¼
P A
ðmÞ
j;h ; A
ðmÞ
i;h
	 

 P rðÞj
AðmÞj;h	 

P r
ðÞ
j
AðmÞi;h	 
 :
ð41Þ
Here, P ðrðÞj jAðmÞi;h Þ and P ðrðÞj jAðmÞj;h Þ can be calculated
based on (33) and (20), respectively. For the evaluation of
P ðrðÞj ; AðmÞi;h Þ in (41), we have
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Fig. 2. Given m free wavelength planes for Ai;j, m free wavelength
planes for Ai;h, and x free wavelength planes for Ai;j;h, among them, a
total of y free wavelength planes are overlapped between Ai;j and Ai;h.
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P r
ðÞ
j ; A
ðmÞ
i;h
	 

¼
Xwk
mx¼m
P A
ðmxÞ
i;j;h
AðmÞi;h	 
  P rðÞj ; AðmxÞi;j;h	 
;
ð42Þ
where P ðAðmxÞi;j;h jAðmÞi;h Þ is given by (34) and P ðrðÞj ; AðmxÞi;j;h Þ is
given by
P r
ðÞ
j ; A
ðmxÞ
i;j;h
	 

¼ mx

	 



ð1 ÞHjHi;j;h



1 ð1 ÞHjHi;j;h
mx
:
ð43Þ
The only problem that remains unsolved is the calcula-
tion of P ðrðÞh jAðmÞj;h ; AðmÞi;h Þ in (40). Based on the similar idea
of (29) and (35), we have
P r
ðÞ
h
AðmÞj;h ; AðmÞi;h	 
 ¼ Xwk
z¼maxðm;mÞ
P A
ðzÞ
i;j;h
AðmÞj;h ; AðmÞi;h	 

 P rðÞh
AðzÞi;j;h; AðmÞj;h ; AðmÞi;h	 
:
ð44Þ
Here, P ðAðzÞi;j;hjAðmÞj;h ; AðmÞi;h Þ is given by (30), and P ðrðÞh jAðzÞi;j;h;
A
ðmÞ
j;h ; A
ðmÞ
i;h Þ can be calculated as
P r
ðÞ
h
AðzÞi;j;h; AðmÞj;h ; AðmÞi;h	 
 ¼
Xminðm;mÞ
y¼maxð0;mþmzÞ
P A
ðyÞ
ði;hÞ[ðj;hÞ
AðzÞi;j;h; AðmÞj;h ; AðmbetaÞi;h	 

 P rðÞh
AðyÞði;hÞ[ðj;hÞ	 
:
ð45Þ
Based on the similar idea of Lemma 2, we can prove that
P ðAðyÞði;hÞ[ðj;hÞjAðzÞi;j;h; A
ðmÞ
j;h ; A
ðmbetaÞ
i;h Þ is given by
P A
ðyÞ
ði;hÞ[ðj;hÞ
AðzÞi;j;h; AðmÞj;h ; AðmbetaÞi;h	 
 ¼
m
y
	 

 zmmy
	 

z
m
	 

¼
m
y
	 

 zmmy
	 

z
m
	 
 :
ð46Þ
Finally, P ðrðÞh jAðyÞði;hÞ[ðj;hÞÞ can be evaluated as
P r
ðÞ
h
AðyÞði;hÞ[ðj;hÞ	 
 ¼ y
 


ð1 ÞHhHi;hHj;hþHi;j;h


1 ð1 ÞHhHi;hHj;hþHi;j;h
y
:
6 EXPERIMENTAL RESULTS
To verify our analytical models on restoration probability, a
network simulatorwas developed to simulate the restoration
probability of a network under the same conditions used to
develop the theoretical models, except that all the possible
correlations among all backup routes were incorporated in
our simulation, where the correlation among the backup
routes is caused by the link sharing among these routes.
6.1 Model Verification
Three network topologies were adopted in our simulation
to validate our models. The first network topology (Fig. 3) is
the famous NSF network (NSFNET), the second network
topology (Fig. 4) is the larger Italian network (ITALIAN-
NET) [28], and the third network topology (Fig. 5) is the
typical EON network (EONNET).
For the NSFNET (Fig. 3), we consider a 3-hop connection
request from node 2 to node 10 through the primary path
AZIM ET AL.: RESTORATION PROBABILITY MODELING FOR ACTIVE RESTORATION-BASED OPTICAL NETWORKS WITH CORRELATION... 1599
Fig. 3. NSFNET with 14 nodes and 21 links.
Fig. 4. ITALIANNET with 32 nodes and 70 links.
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(2-3-6-10). Based on the idea of AR, its consecutive backup
routes are (2-1-3), (2-4-5-6), and (2-1-8-9-10), respectively. It
is clear that the first backup path (2-1-3) and the third
backup path (2-1-8-9-10) are sharing a common link (the
link between nodes 2 and 1). Therefore, for the 3-
hop connection, the correlation only exists between its first
and third backup routes, as they share one common link.
For the ITALIANNET (Fig. 4), we consider a 5-hop
connection request from Milano to Palermo with successive
backup routes of hop length 2, 2, 4, 6, and 9, respectively. In
the EONNET (Fig. 5), we consider a 4-hop connection
request between node 13 and node 19 with the primary path
(13-2-1-9-19), where the hop length of its successive backup
routes are 4, 2, 4, and 5 hops, respectively. To further
investigate the effect on the restoration probability of the
primary path’s hop length in the next section, we also
consider in our study a 2-hop connection request from
Milano to Vicenza in ITALIANNET, where each of its
successive backup paths has a hop length of 2. To illustrate
the correlation patterns of the three connections above, we
summarize in Table 1 the number of overlapped hops
among the backup routes (correlation pattern) of each
connection request that we considered.
Table 1 illustrates clearly the link sharing among the
backup routes of each connection. For example, for the 5-
hop connection in ITALIANNET, the first two backup
routes are link disjoint, the second backup route and the
third backup route share two links, whereas the second,
third, and fourth backup routes share only one common
link. For the 2-hop connection in the same network, its two
backup routes share only one link.
6.1.1 Simulation Environment
To simulate the restoration probability of a connection,
multiple distinct failure locations are first generated
randomly along the primary path of the connection. For a
given failure location, the network simulator that we
developed was used to estimate the restoration probability
corresponding to this failure location. The network simu-
lator consists of two major modules: the wavelength-pattern
generator module and the restoration module. Based on the
parameter  (the occupancy probability of a wavelength
channel), the wavelength-pattern generator module ran-
domly generates a pattern of wavelength status (either busy
or idle) for all wavelength channels (except the wavelength
channels occupied by the primary path of the given
connection).
Based on the wavelength pattern and the given failure
location, the restoration module seeks the availability of the
predefined backup routes supported by each downstream
node of the failure, and the first available backup route will
be adopted to restore the affected connection. If we can
successfully restore the connection request for a given
wavelength pattern, then this wavelength pattern is
recorded as a successful one. On the other hand, if no free
backup routes can be found among all the backup routes
supported by the downstream nodes of the failure, then the
restoration of this lightpath fails, and this wavelength
pattern is recorded as a failed one.
The restoration probability corresponding to the given
failure location is then estimated by the ratio of the number
of successful wavelength patterns to the total number of
wavelength patterns (successful patterns þ failed patterns)
generated for this failure location. The overall restoration
probability of the given connection request is thus
estimated by the average of all the restoration probabilities
corresponding to the different failure locations that we
generated.
6.1.2 Comparison between Theoretical Results and
Simulation Results
A comparison between the theoretical results of model 1,
model 2, and model 3 and the simulation results is
summarized in Tables 2, 3, and 4 for the 3-hop connection
of NSFNET, the 5-hop connection of ITALIANNET, and the
4-hop connection of EONNET, respectively. All the three
tables indicate clearly that our analytical models (especially
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Fig. 5. EONNET with 19 nodes.
TABLE 1
Number of Overlapped Hops among Backup Routes
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model 3) are very efficient for estimating the restoration
probability of a connection request in AR-based optical
networks.
It is notable in Table 2 that for the 3-hop connection in
NSFNET, model 3 achieves a very close approximation to
the simulation results for both cases with and without
wavelength conversion. On the other hand, models 1 and 2
provide an identical estimation, which is significantly
higher than that of model 3 and the simulation result. This
is due to the fact that for the 3-hop connection under
consideration, there are no overlapped hops among its
successive backup paths (H1;2 ¼ 0 and H2;3 ¼ 0; please refer
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TABLE 2
Restoration Probability of the 3-Hop Connection in NSFNET, ! ¼ 16
TABLE 3
Restoration Probability of the 5-Hop Connection in ITALIANNET, ! ¼ 16
TABLE 4
Restoration Probability of the 4-Hop Connection in EONNET, ! ¼ 16
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to Table 1). Thus, model 2, which considers only the
possible correlation among any two successive backup
routes, provides the same results as that of model 1. The
results in Table 2 also show that although models 1 and 2
overestimate the restoration probability of the 3-hop
connection for both cases with and without wavelength
conversion, the difference between the results of model 1/
model 2 and the simulation results is relatively smaller than
that when using the wavelength conversion capability. This
indicates that the effect of neglecting the possible correlation
among the successive backup routes of a connection
becomes less significant if the network has a wavelength
conversion capability.
The further results in Table 3 indicate that for the 5-hop
connection in ITALIANNET, where the correlations exist
between successive and nonsuccessive backup routes (please
refer to Table 1), both models 2 and 3 provide a close
estimation to the simulation results than that of model 1. For
example, consider the case without wavelength conversion
and  ¼ 0:5. The percentage of error provided by model 1 is
about 2.53 percent, whereas models 2 and 3 provide an error
of 0.48 percent and 0.07 percent, respectively. Compared to
the corresponding estimation error (2.61 percent) of using
model 1 for the 3-hop connection (please refer to Table 2), the
above results indicate that the estimation error of adopting
model 1 will likely increase with the increase of path hop
length. When the network nodes have full wavelength
conversion capability, the difference between model 1 and
model 2/model 3 becomes significant only when  is large.
This is due to the fact that when the network nodes have the
full wavelength conversion capability, the AR scheme
achieves very high restoration probability through the first
few (nonoverlapped) backup paths (the first and second
backup paths in this case, as H1;2 ¼ 0) for a large range of .
However,when  is relatively large, the restoration is likely to
be performed through the successive backup routes that are
correlated. In this case, neglecting the possible correlation
among the backup paths will result in a considerable error in
the estimation of the restoration probability.
Finally, for the 4-hop connection of EONNET, the results
in Table 4 indicate that both models 2 and 3 can provide a
very good approximation to the simulated restoration
probability for cases with and without wavelength conver-
sion. This is due to the fact that the four backup routes of
the 4-hop connection all share two common links (please
refer to Table 1), so both models 2 and 3 have the capability
to capture such a common correlation.
To show how significant the improvement in the restora-
tion probability computation is as opposed to the increase in
complexity between model 1/model 2 and model 3, we plot
the error difference in the restoration probability estimation
introduced by models 1, 2, and 3 for the 3-hop connection
request in the NSFNET for the cases without and with
wavelength conversion capability in Figs. 6a and 6b, respec-
tively. The corresponding results for the 4-hop connection of
EONNET and the 5-hop connection of ITALIANNET are
shown in Figs. 7 and 8, respectively.
The results in Figs. 6a and 6b show that although
models 1 and 2 overestimate the restoration probability of
the 3-hop connection for both cases without wavelength
conversion and with full wavelength conversion, the
difference in the restoration probability estimation intro-
duced by model 1/model 2 is relatively smaller than that
when using the wavelength conversion capability, which
indicates that the effect of neglecting the possible
correlation among the successive backup routes of a
connection becomes less significant if the network has a
wavelength conversion capability. The results in Fig. 7
show clearly that when the backup routes are highly
correlated (two common hops in this case; please refer to
Table 1), model 1 results in a significant error in the
restoration probability estimation. However, this error is
reduced to some extent by considering model 2 and,
finally, this error is significantly decreased by adopting
model 3. The results in Figs. 8a and 8b further indicate
clearly that by considering only the possible correlation
among any three successive backup routes, our proposed
model (model 3) always provides a very close estimation
to the restoration probability obtained by simulation.
Hereafter, model 3 will be adopted to investigate into the
inherent relationship among restoration probability, wave-
length channel utilization ratio, number of wavelengths per
fiber, routes hop length, and wavelength conversion
capability.
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Fig. 6. Restoration probability difference between analytical models and
simulation for the 3-hop connection of NSFNET. (a) Without wavelength
conversion. (b) With full wavelength conversion.
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6.2 Discussions
In this section, we investigate the effects of the path hop
length, wavelength channel utilization ratio, and number of
wavelength channels per fiber and the benefit of using the
full wavelength conversion capability upon the restoration
probability.
6.2.1 Effects of Path Length, Number of Wavelength
Channels per Fiber, and Wavelength Conversion
Capability
When ! is in the set 8, 16, and the network nodes have no
wavelength conversion capability, a comparison between
the restoration probability of the 3-hop connection in the
NSFNET and the 2 and 5-hop connections in the ITALIAN-
NET is summarized in Fig. 9. The corresponding compar-
ison for the case of using full wavelength conversion is
shown in Fig. 10.
The results in Fig. 9 also show that for a given value of ,
increasing the number of wavelength channels per fiber
from 8 to 16 results in a significant improvement in the
restoration behavior of a connection. For example, for the 3-
hop connection, when  ¼ 0:4 and ! ¼ 8, the restoration
probability is 0.8013. Doubling the number of wavelength
channels supported by the fiber leads to a restoration
probability of 0.9482, which is equivalent to an improve-
ment of 15.5 percent in the restoration behavior.
The restoration probability plots depicted in Fig. 10
reveal the fact that setting the network nodes with the full
wavelength conversion capabilities improves the network
performance significantly. For the 5-hop connection with
 ¼ 0:5, the restoration probabilities are 0.9929 and 1.0 for
! ¼ 8 and ! ¼ 16, respectively. However, the corresponding
results for the case without wavelength conversion cap-
abilities (Fig. 9) are 0.2470 and 0.3308, respectively, which is
equivalent to improvement of 75.1 percent and 66.9 percent,
respectively.
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Fig. 7. Restoration probability difference between analytical models and
simulation for the 4-hop connection of EONNET. (a) Without wavelength
conversion. (b) With full wavelength conversion.
Fig. 8. Restoration probability difference between analytical models and
simulation for the 5-hop connection of ITALIANNET. (a) Without
wavelength conversion. (b) With full wavelength conversion.
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The comparison in Figs. 9 and 10 all indicate clearly that
a connection request with a relatively small number of hops
has a higher probability to be restored in the event of failure
than that of a connection with a larger hop length. This is
because it becomes less likely to find a free wavelength on
all hops of a backup path as the number of hops increases.
A similar behavior has also been observed for the blocking
probability in WDM networks [29].
It also worth noting that for networks with full
wavelength conversion, increasing the number of wave-
length channels per fiber has less effect than that when the
network has no conversion capability. For example, for the
3-hop connection, when  ¼ 0:4, and ! ¼ 8, increasing the
number of wavelength channels by twofold raises the
restoration probability from 0.9991 to 1.0, which is equal to
an improvement of 0.09 percent. Although the correspond-
ing improvement in the absence of the wavelength
conversion capability is 15.5 percent, we cannot say that
increasing the number of wavelength channels while using
the full wavelength conversion capability has a negligible
effect on improving the restoration probability. However,
the results in Fig. 10 show that at high values of , doubling
the number of wavelength channels in the presence of the
wavelength conversion capability has a significant im-
provement on the restoration behavior of a connection.
6.2.2 Gain
To determine qualitatively the benefit of using the
wavelength converters, we introduce the gain G of
restoration probability, which is defined as follows:
G ¼ PWCðrÞ  PNCðrÞ
PWCðrÞ ;
where PWCðrÞ and PNCðrÞ are the restoration probabilities
with full wavelength conversion and without wavelength
conversion, respectively. Fig. 11 illustrates the variations of
G with the increase of  for NSFNET and ITALIANNET.
The results in Fig. 11 indicate that for a small value of , the
benefit of using the full wavelength conversion capability in
the network is insignificant. However, with increasing the
value of , this benefit becomes very significant. The gain
plots in Fig. 11 also show that when  ¼ 0:6, and ! ¼ 16, the
benefits of using the full wavelength conversion capabilities
are 0.1040 and 0.8440 for the 2-hop and 5-hop connections,
respectively. This indicates that although the longer path
length has a negative effect on the restoration probability, it
results in a better utilization of the wavelength conversion
capability.
In summary, the above results indicate clearly that by
considering at most the correlation among any three
successive backup routes of a connection, model 3 is quite
efficient for approximating the restoration probability of a
network employing AR. The analysis based on our new
model indicates that in an AR-based network, the restora-
tion probability of a connection with a longer path length is
lower than that of the connection with a shorter path length,
and the restoration probability increases with the increasing
of number of supported wavelength channels per fiber, as
well as adopting the conversion.
7 CONCLUSION
In this paper, we studied the restoration behavior of an AR-
based optical network by developing the corresponding
1604 IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 18, NO. 11, NOVEMBER 2007
Fig. 9. Restoration probability versus  for the case without wavelength
conversion.
Fig. 10. Restoration probability versus  for the case with full wavelength
conversion.
Fig. 11. Gain of using the wavelength conversion.
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models for estimating the restoration probability of a
connection with the consideration of possible correlation
among the backup routes of the connection. The proposed
models (especially model 3) can achieve a graceful trade-off
between computation complexity and estimation accuracy
for analyzing the restoration probability, as demonstrated
by both the theoretical analysis and simulation study. The
proposed models reveal the inherent relationship among
the restoration probability, wavelength channel utilization
ratio, number of wavelength channels per fiber, path length,
and wavelength conversion capability and, thus, it can be
adopted to display the trade-off among them. Our study
indicates that the effect of neglecting the inherent correla-
tion among backup routes is not significant for a connection
with a short hop length and with the full wavelength
conversion capability. However, this effect may cause
significant errors in approximating the restoration prob-
ability for the network without the wavelength conversion
capability, especially for the connections with a longer
primary path in terms of the number of hops. In the latter
case, our new models should be adopted to provide a much
close approximation to the restoration probability. It is
expected that the analytical approach developed in this
paper will also be helpful for performance modeling of
other kinds of survivable optical networks where the routes
correlation needs to be considered in the analysis.
Notice that our AR was developed for traffic restoration
in case of single lightpath failure in a certain link. Since the
fiber cut on a fiber (link) is likely the most common network
failure, where all the lightpaths going through this link will
be affected instead of only one, one future work is to extend
our AR scheme to more general fiber cut scenarios and
develop the corresponding analytical models for restoration
probability. The analytical models in this paper were
developed under Birman’s famous analysis framework for
blocking probability of optical WDM networks [20], where
the standard wavelength channels independent assumption
was adopted. Notice that this assumption is not very
realistic, especially for optical WDM networks that do not
deploy wavelength conversion and, thus, have wavelength
continuity constraint. Therefore, another further work is to
extend the models in this paper to further incorporate the
correlation among wavelength channels on each link
(caused by the wavelength continuity constraint), in
addition to the correlation among backup paths (caused
by the shared links). Notice also that the models in this
paper were developed for the networks with full wave-
length conversion and the networks without wavelength
conversion at all. Since another more general wavelength
conversion scenario is the sparse wavelength conversion,
where only some network nodes have the wavelength
conversion capability. Therefore, the third future work can
be the investigation of the impact of sparse wavelength
conversion and the placement of wavelength converters on
the restoration probability in AR-based optical networks.
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